Weyl semimetals exhibit exotic Fermi-arc surface states, which strongly affect their electromagnetic properties. We derive analytical expressions for all components of the composite density-spin response tensor for the surfaces states of a Weyl-semimetal model obtained by closing the band gap in a topological insulating state and introducing a time-reversal-symmetry-breaking term. Based on the results, we discuss the electromagnetic susceptibilities, the current response, and other physical effects arising from the density-spin response. We find a magnetoelectric effect caused solely by the Fermi arcs. We also discuss the effect of electron-electron interactions within the random phase approximation and investigate the dispersion of surface plasmons formed by Fermi-arc states. Our work is useful for understanding the electromagnetic and optical properties of the Fermi arcs. arXiv:2001.00438v1 [cond-mat.mes-hall] 
I. INTRODUCTION
Following the discovery of several candidate materials [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] , the study of Weyl semimetals (WSMs) has been an area of intensive research activities in recent years, see Refs. [16] [17] [18] for recent reviews. The band structure of WSMs is characterized by linear band-crossing points, socalled Weyl nodes, which act as sources or sinks of Berry curvature. The corresponding Berry charge, the chirality, is quantized to an integer value. The Weyl nodes always appear in pairs of opposite chirality and are separated in momentum (energy) when time-reversal (inversion) symmetry is broken. The nontrivial topology of the band structure and the quasirelativistic nature of the quasiparticles (the "Weyl fermions") gives rise to a plethora of exotic transport properties such as the magnetoelectric effect [19, 20] , which signifies a electric-polarization response to magnetic fields and a magnetization response to electric fields, the anomalous Hall effect [21] , the dynamical chiral magnetic effect [22] , and negative magnetoresistance [23] . Transport in WSMs has recently been reviewed in Refs. [24] [25] [26] .
Furthermore, WSMs host unusual surface states known as Fermi arcs (FAs). These are disjointed segements of two-dimensional Fermi contours that connect the projections of a pair of bulk Weyl nodes of opposite chiralities into the surface Brillouin zone (BZ). They can be observed by angle-resolved photoemision spectroscopy [1-3, 7, 8] and quasiparticle interference [27] [28] [29] [30] . The FAs are the most stringent signature of WSMs and thus were first used as smoking-gun evidence for the existence of WSMs. These states are topologically protected against weak disorder, show spin polarization and spinmomentum locking [31] [32] [33] , and exhibit transport properties markedly different from the bulk [34, 35] .
The electromagnetic and transport properties exhibited by WSMs has been studied theoretically using semi- * carsten.timm@tu-dresden.de classical transport theory [22, [36] [37] [38] , field-theoretic approaches [21, 39] , and the Kubo formalism [40] [41] [42] . The dynamical density, spin, and current responses to inhomogenous and time-dependent external fields have been investigated for Weyl fermions in the bulk, using Kohn-Luttinger-type (k · p) models [43] [44] [45] . The dynamical current response provides information about transport properties such as the chiral magnetic effect and the optical conductivity [44] . On the other hand, exploring the coupled density and spin response reveals the existence of novel collective excitations, i.e, spin plasmons, which provide another experimental signature of WSMs [45] . While the surface plasmon excitations of the FA states have been investigated [46] [47] [48] [49] , an unified study of the density, spin, and current response of the FA states has been lacking but is desirable as it reflects the rich physics of the FA states.
In this paper, we investigate the response of the FAs to inhomogeneous and time-dependent electric and magnetic perturbations by analyzing all components of the composite density-spin linear-response tensor. We calculate the evanescent wave functions for the FAs and obtain analytical expressions for all components of the density-spin response tensor. We explore its observable consequences, which reveals the existence of a chiral magnetoelectric effect due to the FAs. For comparison and completeness, we also discuss the corresponding quantities for WSM bulk states. Based on the response tensor, we investigate the impact of the electron-electron interaction on the response functions for FA as well as bulk states within the random phase approximation (RPA). We also examine the spectrum of surface density excitations of FAs: the "Fermi-arc plasmons."
The remainder of this paper is organized as follows: in Sec. II, we present our model and obtain the FA wave functions. Then, we introduce and calculate the dynamical response tensor in Sec. III and investigate its manifestations in Sec. IV. The effect of the electron-electron interaction on the response function and the FA plasmon are discussed in Sec. V. Finally, we summarize our re-sults and draw conclusions in Sec. VI. Technical details and calculations are discussed in the appendices.
II. MODEL
We start with a four-band model used to describe three-dimensional topological insulators (TIs) of the Bi 2 Si 3 family [50, 51] . The low-energy effective Hamiltonian, regularized on a simple cubic lattice, is given by
where Ψ i is a four-component fermion spinor operator, i, j refer to lattice sites, i + l denotes the nearest neighbor of site i in the l direction (l =x,ŷ,ẑ), and t are the on-site energy and nearest-neighbor hopping amplitude, respectively, and λ and λ z denote the spin-orbit coupling strengths in the xy-plane and along the z-direction, respectively. Here, z is taken as the growth direction. σ l and τ l are the 2 × 2 identity (l = 0) and Pauli (l = x, y, z) matrices in spin and orbital space, respectively. The Hamiltonian H 0 obeys time-reversal (T ) as well as inversion (P) symmetry, whose representations are given by T = (iσ y ⊗ τ 0 ) K and P = σ 0 ⊗ τ z , respectively, with K denoting complex conjugation. Evidently, the two orbitals are of opposite parity. The Hamiltonian describes a weak TI for | | < 2|t|, a strong TI for 2|t| < | | < 6|t|, and a trivial insulator for 6|t| < | | [52, 53] . In the following, we will consider the phase boundary between the topological and trivial insulator at = 6t with t > 0, where the bulk gap closes at k = 0 and Eq. (1) describes a massless Dirac Hamiltonian.
A perturbation that breaks inversion or time-reversal symmetry results in the doubly degenerate Dirac node at k = 0 being separated into a pair of Weyl nodes, i.e., in the emergence of a WSM phase. The Hamiltonian for the WSM is given by
Here, the b 0 term obeys time-reversal symmetry but breaks inversion symmetry, whereas the reverse holds for the b term [53] .
A. Bulk Weyl semimetals
The Hamiltonian for the infinite WSM system reads, in momentum space,
Energy dispersion for a WSM on a slab of finite width in the z-direction, (a) for varying kx and ky = 0 and (b) for kx = 0 and varying ky. The Weyl nodes are separated by (by/λ)ŷ. The surface bands are shown in red. The black curves denote bulk-type bands, which are discrete due to the finite thickness (50 layers). The parameters are by = t and λ = λz = 2t.
where M k = − 2t α cos k α is the k-dependent mass parameter. We take = 6t so that when both P and T symmetries are present (b 0 = 0, b = 0), the Hamiltonian yields a doubly degenerate Dirac node at k = 0. When time-reversal symmetry is broken by b = 0, the Dirac node splits into a pair of Weyl nodes separated in momentum, whereas breaking inversion symmetry by b 0 = 0 results in Weyl nodes separated in energy. In the following, we consider the former scenario. Without loss of generality, we take b = b yŷ , which yields a pair of Weyl nodes at k = ±(b y /2λ)ŷ. The eigenenergies and eigenstates in the vicinity of the nodes are discussed in Appendix A.
B. Fermi-arc states
Our main interest is in the surface states of WSMs. In three-dimensional TIs, the bulk is gapped. The surface states are well separated from the bulk states and exist at each surface as mid-gap states. Each surface has a single two-dimensional Dirac cone which is called a "helical metal" owing to its spin-momentum locking [50, 54] . In WSMs, even though the bulk is gapless, surface states can exist between the Weyl nodes in regions of the dispersion where there are no bulk states. For inversion-symmetric WSMs as considered here, states exist at surfaces that are not orthogonal to the momentum vector (b y /λ)ŷ separating the nodes. Here, we consider the (001) surface, perpendicular to the growth direction. The energy dispersion is shown in Fig. 1 . Evidently, at low energies, the surface states form a band that disperses linearly in k x , is flat along k y , and only exists between the Weyl nodes. These are the FA states.
The essential idea for the calculation of the FA wave functions is to solve the Schrödinger equation for the Hamiltonian in Eq. (3), replacing k z → −i ∂/∂z in order to treat the z-direction in real space. The wave function is separated into factors that are evanescent in z and periodic in (x, y). The proper boundary condition is obtained by modeling the vacuum as a large-gap insulator. Details of the derivation are presented in Appendix B.
The FA states have the chiral dispersions E T (k) = −2λk x and E B (k) = 2λk x for the top and bottom surfaces, respectively. Their density of states is N T,B = b y /8π 2 λ 2 , which does not depend on energy due to the linear dispersion [55] . As noted above, they only exist for −b y /2λ ≤ k y ≤ b y /2λ, i.e., between the projections of the Weyl nodes into the surface BZ. The wave functions for the FAs at the top and bottom surfaces read
Here, the basis is chosen as {|↑⊕ , |↑ , |↓⊕ , |↓ }, where ↑, ↓ denotes the z-component of the spin and ⊕, denotes the even-and odd-parity orbital, respectively. k = (k x , k y ) is the two-dimensional momentum in the surface BZ.
Evidently, the FA states are bound to the surfaces and decay into the bulk on a k y -dependent length scale 2λ z /(b y ± 2λk y ). Thus, for k y near Weyl nodes, the FA states extend deep into the bulk [18, 47, [56] [57] [58] . The FA states are eigenstates of σ x ⊗ τ x with eigenvalues −1 and +1 for the top and bottom surfaces, respectively. In other words, the effective FA Hamiltonian is H FA (k ) = 2λk x σ x ⊗ τ x . The qualitative form and evanescent structure of FA states does not depend on the specifics of the model and survives for more generic Hamiltonians as discussed in Appendix C.
III. DYNAMICAL RESPONSE
The response of a system to possibly inhomogeneous and time-dependent electromagnetic perturbations is described by a 4×4 density-spin linear-response tensor, each component of which is, in principle, a 2 × 2 × 2 × 2 tensor in orbital space. The generalized response is defined by the orbital-resolved correlation functions
where
is the Fourier-transformed spin operator, given in terms of the fermionic annihilation (creation) operators c k,µ,σ (c † k,µ,σ ) for orbital µ. β = 1/k B T is the inverse temperature, iω n are Matsubara frequencies, and T τ is the time-ordering directive in imaginary time. Here, the index l = 0 signifies the density and l = x, y, z refers to the spin components. The retarded response functions are obtained by the analytic continuation iω n → ω + iδ.
A. Bulk response
The zero-temperature dynamical density and spin response of the bulk states has been calculated in Ref. [44, 45] using a k · p Hamiltonian. For the sake of completeness and to explore its orbital structure, we calculate the bulk response tensor for our model. The details of the evaluation are relegated to Appendix D. As noted, each component of the density-spin response tensor is a 2 × 2 × 2 × 2 tensor in the orbital basis. The terms can be divided into four intra-orbital terms Π µµνν ij , four inter-orbital terms Π µμµμ ij and Π µμμµ ij , whereμ is the orbital other than µ, and eight terms for which not all superscripts appear in pairs. We find that for the pure density-density and spin-spin response, the orbital structure is trivial, i.e., all intra-orbital and inter-orbital terms are equal, while the other terms vanish. On the other hand, the intra-orbital and inter-orbital contributions to the coupled density-spin response have opposite signs for states near the two Weyl nodes of opposite chirality and therefore vanish in equilibrium. However, terms such as Π µµµμ 0l survive for the coupled density-spin response. Although such terms are not physically relevant at the noninteracting level because they do not enter the coupled density-spin response, they can influence the current response for interacting electrons, as discussed below. The rather lengthy expressions for bulk response functions for our model are given in Appendix D. They are similar to the ones presented in Ref. [45] .
B. Fermi-arc response
Next, we investigate the zero-temperature dynamical response of the FA surface states. The orbital components of the response tensor can be written as
where n F (k ) is the Fermi function for the FA states with two-component wave vector k , q = (q x , q y ) is the wave vector of the response, and φ µ (k , z) is the component of the FA wave function for orbital µ, see Eqs. (4) and (5) . The integrals over z and z take into account the extension of FA states into the bulk and therefore run from −∞ to 0 for the top surface and 0 to ∞ for the bottom surface, in the limit of infinite thickness. This is important because it allows for the long tail of the FA states near the projection of the Weyl nodes. A purely two-dimensional response function calculated by projecting the FA states into the k x k y -plane would yield qualitatively incorrect result, even though the FA states are surface states energetically separated from the bulk.
Redefining the orbital basis as {|⊕⊕ , |⊕ , | ⊕ , | }, the 2 × 2 × 2 × 2 blocks in the response tensor can be written as 4 × 4 matrices. We find that all components of the composite density-spin response tensor in the orbital basis can be expressed by four distinct terms Π 1 , Π 2 , Π 3 , and Π 4 , which are given by
Here, the superscripts T , B as well as the signs +, − refer to the top and bottom surface, respectively. It should be noted that the Π T,B ν are functions of the wave vector q and the frequency ω but we will suppress these arguments from now on for brevity. The density response is now given by
For illustration, we describe the evaluation of this matrix in Appendix E. Evidently, the density response only contains intra-orbital (⊕⊕⊕⊕, ⊕⊕ , ⊕⊕, ) and inter-orbital (⊕ ⊕ , ⊕ ⊕, ⊕ ⊕, ⊕⊕ ) contributions. A few additional remarks are in order. Equations (9) and (10) show that the density response is even in q y , which results from the FA dispersion being symmetric under q y → −q y . However, the response tensor is nonanalytic at q y = 0. The origin is that the surface bands are restricted to −b y /2λ ≤ k y ≤ b y /2λ, which means that the k y integral contained in Eq. (8) is limited to an interval of length b y /λ − |q y |. One might suspect this nonanalyticity to be an artifact of truncating the surface band where it really merges into the bulk states. We suggest that this is not the case, based on the following reasoning: for all q y = 0, the contribution to the response of FA states close to the ends of the arcs, i.e., for k y → ±b y /2λ, approaches zero. This is due to the destructive interference between these very extended states for different k y . However, the point q y = 0 is special: the matrix elements in Eq. (8) are then essentially normalization integrals so that all k y ∈ (−b y /2λ, b y /2λ) contribute equally, regardless of the decay length. Although the cor-responding discontinuities at k y = ±b y /2λ only exist for q y = 0, they are sufficient to generate odd powers of |q y | in the response functions. Inclusion of the bulk response does not cure this nonanalyticity since, in the thermodynamic limit, the missing spectral weight in the bulk resulting from the formation of surface states has negligible effect on the response. Moreover, the response satisfies Π T,B 00 (−q, −ω) = Π T,B 00 (q, ω) * , which follows from the definition (8) . Unlike the density response of a twodimensional electron gas, there is no symmetry under inversion of q alone. This reflects the chiral nature of the FAs.
Similarly, the spin response is found to be
where p = λq y /b y . The coupled density-spin response is described by
The response functions do not depend on the electron filling or chemical potential since the FA density of states is independent of energy. To leading order for small wave vectors, λq ω, b y , the real part of the contributions reads Re Π T,B
Therefore, similarly to the results of Ref. [47] for a WSM described by a k · p Hamiltonian, the density response of FA states in our model varies as ∼ q x /ω to lowest order. Neglecting the tail of the FA states by using a purely two-dimensional model results in an erroneous 1/ω 2 dependence [48] .
IV. RELATED PHYSICAL QUANTITIES AND OBSERVABLE CONSEQUENCES
In this section, we will analyze physical effects that are determined by the response functions calculated in Sec. III. Specifically, we will address the bulk and surface contributions to the electromagnetic response and the optical conductivity.
A. Bulk response
Here, we discuss effects of the bulk of WSMs. Some of these have been considered in Ref. [44] but are included here for completeness as well as to address the orbital structure of the response.
Electromagnetic susceptibilities
The density-spin response tensor physically manifests itself by the electromagnetic susceptibilities. The electric susceptibility can be expressed in terms of only the intraorbital density-density correlation function as
while the magnetic (spin) susceptibility is given by the spin-spin correlations as
where µ B is the Bohr magneton and g µ the g-factor for orbital µ. As the two orbitals couple to the electric field with the same electronic charge −e, the net polarization response to a electric field for bulk states can be calculated by tracing over orbital indices of the density response, µ,ν χ (e)µν 00
. On the other hand, since the two orbitals can have different g-factors [59] , application of an external magnetic field generally results in different spin polarizations for the two orbitals.
The spin susceptibility can be expressed in terms of longitudinal and transverse components,
The Pauli spin susceptibility, defined as the static longitudinal spin susceptibility for q → 0, is found to vanish identically [60] . This can be attributed to the spinmomentum locking in the Weyl Hamiltonian near the nodes and has recently been observed in the candidate materials NbP and TaP [61] . The vanishing Pauli susceptibility holds true even beyond the linear-response regime [60] .
The crossed magnetoelectric susceptibility given by the coupled density-spin response vanishes in equilibrium in our model. However, in the presence of non-orthogonal static E and B fields, the two nodes develop different effective chemical potentials due to the chiral anomaly, which leads to a nonzero magnetoelectric response [45] .
Current response
Now we look at the current-current correlations, which govern the response of a system to the vector potential. The current operator corresponding to the Weyl Hamiltonian in Eq. (3) reads l = 2λ l e σ l ⊗ τ x . Consequently, the current-current correlations are related to the spinspin correlations as (36) and thus depend only on the inter-orbital response. The longitudinal and transverse current response is proportional to the longitudinal and transverse spin response, respectively.
The optical conductivity of WSM can be obtained from the current-current correlation function using
which in our case yields
where µ is the chemical potential, v F is the Fermi velocity, and Θ(x) is the Heaviside step function. Here, we have taken ω, µ ≥ 0. Thus, outside the Pauli-blockade regime, i.e., for ω > 2µ, the interband optical conductivity for free Weyl fermions is linear in ω which is consistent with previous results [62, 63] .
A related observable is the orbital magnetic susceptibility which is proportional to the transverse currentcurrent correlation function [64] . Its evaluation reveals that the orbital susceptibility is diamagnetic and varies as ∼ ln µ. This logarithmic dependence on the chemical potential is consistent with more rigorous calculations invoking Landau-level quantization [60, 65, 66] .
B. Fermi-arc response
In this paper, we are mainly interested in the effects of the FA surface states. In the following, observables related to the FA response are analyzed.
Electromagnetic susceptibilities
Similarly to the bulk states, the electric susceptibility of the FA states is related to the intra-orbital density response, χ
. Also, the spin susceptibilities are given by the spin-spin response as χ
Since the FA states are eigenstates of σ x , one may naively assume that the spin susceptibilities for y and z spin components vanish. However, this is not generally true. The spin susceptibilities
will have non-zero values owing to different g factors for the two orbitals. The more important manifestation of the FA response appears in the magnetoelectric effect. The mixed electromagnetic susceptibilities are given by the crossed densityspin response functions as
These relations show that the FA states exhibit the magnetoelectric effect. A closer look reveals that a static, homogeneous magnetic field along the growth direction (z) yields a charge polarization along the node-separation axis (y),
while an electric field along the node-separation direction results in a magnetization along the growth axis,
The upper (lower) sign refers to the top (bottom) surface, indicating the chiral origin of the response. This is one of the key findings of this work.
The bulk WSM states also exhibit a magnetoelectric effect [45] , albeit not in the static limit. Importantly, the bulk magnetoelectric effect only occurs in nonequilibrium situations in the presence of non-orthogonal static E and B fields. In contrast, the surface magnetoelectric effect survives in equilibrium and can thus serve as a hallmark of the FA states.
Finally, the Pauli spin susceptibility of the FA states reads
which is proportional to the FA density of states N T,B = b y /8π 2 λ 2 , similarly to the conventional electron gas.
Current response and anomalous Hall effect
Next, we study the current response of the FA states. Since these states only disperse along k x , only the xcomponent of the current operator, x = 2λe σ x ⊗ τ x , is nonzero. We see from Eqs. (4) and (5) that the FA states are eigenstates of x and thus carry a finite surface current, analogous to the persistent currents for quantum Hall edge states. This analogy stems from the fact that for −b y /2λ < k y < b y /2λ, each two-dimensional Hamiltonian H ky (k x , k z ) in the k x k z -plane represents a two-dimensional Chern insulator. The FAs are the chiral edge states of the Chern insulators and therefore exhibit the quantum anomalous Hall effect [18, 67] .
We now calculate the surface current carried by the FAs. The FA states are eigenstates of x with opposite eigenvalues for the top and bottom surfaces. In equilibrium, the currents contributed by the top and bottom surfaces are equal and opposite, leading to a vanishing total current. The application of a voltage V H along z leads to a difference between the chemical potentials for the two surfaces ∆µ = eV H . In this case, we obtain a total current from the population imbalance of the chiral edge states, 
Therefore, the anomalous Hall conductivity is
which is equal to the distance between the Weyl nodes in units of e 2 /2π [67, 68] . The current-current correlation function reads
and is thus proportional to the density susceptibility. It is important to note that the density and current response of the bulk states are related by a Ward identity [69] since the bulk carrier density and current obey a continuity equation. There is no corresponding identity for the FA states since the total carrier density at the surfaces consists of contributions from FA and bulk states, and it is the total carrier density that is conserved. There is no continuity equation satisfied by FA carriers separately.
V. RESPONSE OF THE INTERACTING SYSTEM
Let us now consider the response functions for interacting electrons. The response functions are calculated within the RPA, depicted diagrammatically in Fig. 2 . Evaluating the perturbative expansion in orders of the Coulomb interaction V q , the interacting response function can be expressed as
where summation over repeated indices is implied.
A. Interacting bulk response
First, we study the response of interacting electrons in bulk WSM states. Here, V q = 4πe 2 /κq 2 is the Fouriertransformed Coulomb interaction, with κ being the dielectric constant. After algebraic manipulations of Eq.
(50), the physical density response reads
. (51) Clearly, the density response is enhanced by a factor 1/(1 + V q Π 00 ), which is the inverse RPA dielectric function. The zeros of the RPA dielectric function correspond to collective density excitations, i.e., plasmons. The plasmon dispersion can be obtained in the long-wavelength limit, keeping only the leading order in q, as carried out in Refs. [45, 70] , with the result
is the plasma frequency at q → 0, ν 0 = ω 0 /2µ, and v F is the vectorial Fermi velocity. The q → 0 plasma frequency is determined by the effective fine structure constant α κ = e 2 /κv F and the frequency-dependent effective background dielectric function
Thus, the plasmon dispersion is gapped and the leading momentum dependence is quadratic. The dispersion is manifested as sharp peaks in the electron energy-loss function, which is experimentally accessible. In the presence of non-orthogonal E and B fields, the plasmons carry spin, which can be probed by optical pump-probe spectroscopy as discussed in Ref. [45] . On the other hand, Eq. (50) shows that in equilibrium the physical spin response and consequently the spin susceptibilities are not affected by the electron interaction at the RPA level. This is because the crossed densityspin functions vanish in equilibrium, as discussed above. The current-current response, however, is influenced by the Coulomb interaction and reads
Thus, the current-current correlation function is renormalized by the RPA dielectric functions. As a consequence, the interband optical conductivity is no longer linear in ω but rather shows a more complicated ω dependence given by
Similarly, the orbital magnetic susceptibility is also strongly influenced by the Coulomb interaction. Not only its logarithmic dependence on the chemical potential is affected, a transition to orbital paramagnetism, signalled by a sign change of the orbital magnetic susceptibility, could occur, as discussed in Ref. [44] . 
B. Interacting Fermi-arc response
Second, we study the effect of electron interactions on the dynamical response of the FA states. We first address the density response and the FA plasmons and then the spin and current response.
Density response and Fermi-arc plasmons
We first consider the interacting density response of the FA states. This allows us to study the effect of FAs on the surface plasmons. Surface plasmons for Weyl semimetals were previously studied in Refs. [46] [47] [48] [49] . Song and Rudner [46] used classical electrodynamics in a simple phenomenological model to obtain surface plasmons based on the boundary conditions. Gorbar et al. [49] presented a hydrodynamic description of surface collective modes. They found one gapped and one (linear) gapless branch. Lošić [48] calculated the surface-plasmon dispersion in the RPA due to two-dimensional FA states and obtained a √ q dispersion. Andolina et al. [47] presented a more sophisticated quantum-mechanical calculation of surface-plasmon excitations. The contribution to the surface plasmons from FAs was found to be gapped. However, in all of these works the bulk is assumed to be doped and the surface plasmon is affected by contributions from the bulk states. In the undoped limit, when the chemical potential is at the Weyl nodes, the bulk carrier density vanishes and the surface plasmon is formed only by the FA states. In the following, we investigate this scenario of surface plasmons formed by FA states alone, which we call FA plasmons. The dispersion of the FA plasmons is given by the zeros of the effective FA dielectric function T,B
RPA (q, ω) = 1 + V q Π T,B 00 (q, ω) [71], where V q = 2πe 2 /κq is the Fourier-transformed Coulomb interaction in two dimensions as we are interested in the surface density response. This is valid for q small compared to the typical inverse decay length of FA states, which is of the order of b y /2λ z . For consistency, we also expand Π T,B 00 up to the leading term, which yields the FA-plasmon dispersion
where θ q = arctan(q y /q x ) and the upper (lower) sign pertains to the top (bottom) surface. A detailed quantummechanical description of FA plasmons is presented in Appendix F. The resulting dispersion boils down to Eq. (57) in the long-wavelength limit. Recall that α κ = e 2 /2κλ. The FA-plasmon dispersion for the bottom surface is shown in Fig. 3 . The plasmon frequency is an odd function of q x , reflecting the chiral nature of the FA plasmon [47] . This can be traced back to the FA dielectric function T,B RPA (q, ω) having only a single zero as a function of frequency ω for fixed momentum q. This is different from the two-dimensional electron gas, for which the dielectric function has two zeros at ±ω.
Evidently, the FA plasmons are highly anisotropic. The plasmon energy is maximal for propagation in the direction parallel to the dispersion of the FA states, i.e., the x-direction for our model, and goes to zero in the perpendicular direction. The dispersion has a gap α κ b y cos θ q /π, which is direction dependent and proportional to the separation of the Weyl nodes. The lowest-order nonlocal term is linear in q. The group velocity of FA plasmons is also anisotropic and is given by
to lowest order. The group-velocity vector is always orthogonal to the constant-frequency contours in Fig. 3 .
Owing to the opposite sign of the band dispersions for the two surfaces, the chiral FA plasmons move in opposite directions at the two surfaces. The FA plasmons are distinct from the surface plasmons on a planar surface of a normal metal [72] [73] [74] . The FA states are much more akin to one-dimensional chiral integer-quantum-Hall edge states in that they are essentially unidirectional and chiral. Indeed, the quantum-Hall edge with long-range Coulomb interaction supports chiral plasmons [75] [76] [77] [78] , like the FAs.
From an experimental perceptive, the FA surface plasmon in WSMs can be investigated by using near-field optical spectroscopy, see Ref. [79] for a review. As the FA plasmons contain information about the bulk band structure, e.g., the separation of Weyl nodes and their Fermi velocities, its experimental study is a promising tool for investigating not only the properties of the FA states but also-so to speak, holographically-of the WSM bulk.
Spin and current response
We find that the spin response of the FA states is not influenced by the electron interaction at the RPA level, similarly to the bulk. The physical spin response for the x-component is given by Π T,B 2 , whereas the response for the y-and z-components vanish. As a result, the Pauli spin susceptibility for the FA states also remains unaffected by the interaction. However, the crossed densityspin response is influenced and is now given by
As discussed previously, the density-spin response gives rise to the magnetoelectric effect. Therefore, the FA magnetoelectric response, which is one of the salient features of the FA states, is enhanced by the inverse FA dielectric function. Consequently, the response will exhibit a pole at the FA plasmon frequency. This behavior is a key observable feature of FA states in interacting WSMs. To give a specific example, let us consider an inhomogeneous oscillating electric field, defined by
applied to the WSM surface. Owing to the magnetoelectric effect, the electric field induces a magnetization of the FAs, which is given by
Therefore, the magnetization will exhibit two peaks in the (q x , ω) plane, at the plasmon frequency Ω T,B pl and at ∓2λq x . This is a striking feature of FA states and provides a unique tool to probe the surface-plasmon dispersion.
Finally, the current-current correlation function is found to be similarly enhanced by interactions,
Evidently, the proportionality between current-current correlation and density susceptibility holds true for interacting electrons as well.
VI. SUMMARY AND CONCLUSIONS
To summarize, we have investigated the dynamical density and spin response of FA states of WSMs. We have obtained a model for a WSM by closing the band gap in a topological insulating state, leading to a Dirac semimetal, and breaking time-reversal symmetry explicitly. This approach is convenient for analytical evaluations but the general conclusions are not expected to depend on the specific model since they rely on the topological invariants of Weyl nodes and the universal linear low-energy dispersion of FA surface states. We have obtained the evanescent wave functions of the FA states and analytical expressions for all components of the wavevector-and frequency-dependent composite density-spin response tensor. The penetration of the FA states into the bulk, which becomes large for momenta close to the Weyl nodes, has been found to be crucial for the correct low-frequency behavior.
We have then examined observable consequences of our results for the electric, magnetic, and coupled magnetoelectric susceptibilities as well as for the optical conductivity and the anomalous Hall effect. In particular, we have found that the FAs exhibit a chiral magnetoelectric effect. Also, the FA states lead to an anomalous Hall effect. Based on the full response tensor, we have studied the impact of the electron-electron Coulomb interaction on the FA and bulk response, within the RPA. While the RPA spin response is unaffected by the interaction effects, the density and current susceptibilities are strongly renormalized. The spectrum of surface density excitations for FA states contains chiral FA plasmons, whose dispersion is highly anisotropic and yields information about the electronic structure of WSMs. Moreover, the FA magnetoelectric effect is also renormalized by the FA plasmon dispersion and will show resonancelike behavior when frequency and momentum match the FA-plasmon dispersion.
Our study of dynamical response functions should be useful for exploring nonlocal transport and optical properties of the FA surface states. Moreover, the magnetoelectric effect, the anisotropic FA plasmon, and their interplay have the potential to lead to smoking-gun experimental evidence for the FA states and thus for the presence of Weyl nodes in the bulk.
the node at (0, b y /2λ, 0), the dispersion is given by
where (k x ,k y ,k z ) is the momentum relative to the node. We write 2λk x = ε(k) sin θ k cos φ k , 2λk y = ε(k) sin θ k sin φ k , and 2λ zkz = ε(k) cos θ k such that the polar angles θ k and φ k parametrize constant-energy surfaces. With these substitutions, the periodic parts of the Bloch states are given by
Here, the superscript N refers to the fact that the node at (0, b y /2λ, 0) has negative chirality.
Similarly, the periodic parts of the eigenvectors near the positive-chirality node at (0, −b y /2λ, 0) is given by
Appendix B: Calculation of Fermi-arc states
In this appendix, we present the derivation of the wave functions of FA states. We start by making the following assumptions.
(i) The top and bottom surfaces can be solved independently. This means that the WSM slab is assumed to be sufficiently thick so that the states at the two surfaces are decoupled.
(ii) The vacuum is an ordinary insulator with a very large mass so that the vacuum Hamiltonian is given by Eq. (iii) The FA wave functions are bound to the surfaces and consists of a periodic term in r = (x, y) and a evanescent factor in z,
with T , B referring to the top and bottom surfaces, respectively, and k = (k x , k y ). First, we calculate the FA states for the top surface. The FA states exist for −b y /2λ ≤ k y ≤ b y /2λ and have the dispersion E T (k) = −2λk x [55] . Linearizing the Hamiltonian in Eq. (3) and replacing k z by −i ∂/∂z ≡ −i∂ z , the Dirac-type equation for the evanescent part inside the WSM reads
Using the ansatz φ T i = ψ T i e κz , we obtain a linear homogeneous system of equations for the ψ T i given by
For a nontrivial solution to exit, the determinant of the coefficient matrix must vanish, which yields four solu-tions,
Only the first two values are relevant for the top surface since the wave function should vanish for z → −∞. Then the rank of the 4 × 4 matrix turns out to be three so that there is only one linearly independent solution of Eq. (B3) for each value of κ. The resultant evanescent spinor is the linear combination of the two and is given by
z .
(B5) To calculate the coefficients α and β, we consider the wave function at the vacuum side. Using that M t, λ, λ z , an analogous derivation yields the evanescent spinor in the vacuum,
Using continuity at z = 0, we get B = 0, α = −(1−i)A/2, and β = −(1 + i)A/2. Taking A = −1, the evanescent part of the FA wave function for the top surface, inside the WSM, is given by
Analogously, the evanescent part of the wave function for the bottom surface, inside the WSM, is found to be
with dispersion E B (k) = 2λk x .
Appendix C: Fermi-arc states for generic Hamiltonian
In the following, we argue that any WSM model with two-valued orbital degrees of freedom will have qualitatively similar FA states as in Eqs. (4) and (5) . We consider the following generic Hamiltonian for a WSM:
(C1) P and T symmetry require that F 1 is odd in k x and even in k y and k z , F 2 is odd in k y and even in k z and k x , and F 3 is odd in k z and even in k x and k y . The T symmetry is broken by the additional term b y σ y ⊗ τ 0 .
To calculate surface states in the k x k y -plane, we carry out the following expansions to lowest order in k z and replace k z → −i∂ z :
The resulting Hamiltonian reads
The locations of the Weyl nodes are given by b y ± |f 2 (k x , k y )| = 0 and the dispersion for the top and bottom surfaces are E T,B (k ) = ∓|f 1 (k x , k y )|. With a derivation similar to Appendix B, and using an ansatz of the from φ T,B i = ψ T,B i e κz for evanescent modes, we find
Defining κ 1 = |f 3 |/(b y − |f 2 |) and κ 2 = |f 3 |/(b y + |f 2 |), the evanescent part of the normalized wave functions for the top and bottom surfaces are given by
where κ 1 and κ 2 are functions of k x and k y . Evidently, the FA states are eigenstates of σ x ⊗ τ x . Alternatively, T symmetry can be broken by adding the term b x σ x ⊗ τ 0 to the Hamiltonian H 0 . In this case, the FA states become eigenstates of σ y ⊗τ x with the same decay length scales 1/κ 1 and 1/κ 2 .
Appendix D: Dynamical response of bulk states
Here, we briefly discuss the dynamical response functions for the bulk states. For chemical potential close to the energy of the Weyl nodes, only the states near the two nodes contribute to the response functions. Since the low-energy physics is governed by the two bands constituting the Weyl cones, we calculate the response for states in the vicinity of the nodes up to a cutoff energy ε c . The technique is similar to Ref. [45] for a k · p Hamiltonian and we therefore do not present it in detail. can be written as the sum of a contribution from the undoped system ("intrinsic") and a contribution due to doping ("extrinsic") as Π bulk 00 (q, ω) = Π in,bulk 00 (q, ω) + Π ex,bulk 00 (q, ω). The imaginary and real parts of the intrinsic contribution are given by
Re Π in,bulk
respectively. For electron doping, µ > 0, the imaginary and real parts of the extrinsic contribution read
Re Π ex,bulk
and
with v F = (2λ, 2λ, 2λ z ) being the Fermi-velocity vector near the Weyl nodes.
Spin response
Similarly, for the spin response, terms of the form Π µµνν ij , Π µμµμ ij , and Π µμμµ ij are equal to Π bulk ij and the other terms vanish. The spin response consists of diagonal terms (i = j) and off-diagonal terms (i = j). The diagonal components can be further decomposed into lon-gitudinal (Π ll for q = ql) and transverse (Π mm and Π nn for q = ql) response, wherel,m, andn are three orthogonal coordinate axes forming a right-handed system. The longitudinal components can be written in terms of the density response as
On the other hand, for the transverse response, the proportionality to the density response only holds for the intrinsic part,
while the extrinsic part has a more complicated form,
On the other hand, the off-diagonal components of the spin response tensor can be written in terms of the diagonal components as
Coupled density-spin response
Due to the coupling between spin and momentum of Weyl fermions, the density and spin degrees of freedom are strongly coupled and the crossed density-spin response is large. However, the same effect causes the intraorbital and inter-orbital contributions to the density-spin response to change sign with chirality and therefore they do not physically manifest for our model in equilibrium. When the WSM is driven out of equilibrium by the ap-plication of non-orthogonal electric and magnetic fields, there will be a non-zero density-spin response, as discussed in Ref. [45] . The non-equilibrium case is beyond the scope of this work. However, it is important to note that terms such as Π µµµμ 0l (ql, ω) survive even in equilibrium and assume the value ω/(v F · q) Π bulk 00 . These terms are irrelevant at the non-interacting level because they do not enter the crossed density-spin response functions in Eqs. (42) and (43) but they do affect the current response for interacting electrons, as we discuss in the main part.
Appendix E: Calculation of the density response
In this appendix, we discuss the calculation of the density response tensor from the density-density correlation function using Eq. (8) with the FA wave functions given in Eqs. (4) and (5) . We find that Π ⊕⊕⊕⊕ 00 = Π ⊕⊕ 00 = Π ⊕⊕ 00 = Π 00 ≡ Π B 1 is given by 
The other components of the response tensor are calculated from the spin-spin correlation and density-spin correlations in a similar fashion.
Appendix F: Surface plasmons from FA states
Here, we present a quantum mechanical treatment of surface plasmon modes arising from the FA states [47] . We start from the observation that the total potential seen by a test charge in a WSM in response to an external potential V ext (z, q, ω) is given by
where q ≡ (q x , q y ). The induced potential V ind (z, q, ω) is related to the induced carrier density as V ind (z, q, ω) = dz v(z, z , q) n ind (z , q, ω),
where v(z, z , q) = 2πe 2 κq exp(−q|z − z |)
is the partial Fourier transform of the Coulomb potential. The induced carrier density, in turn, is related to the screened potential by n ind (z, q, ω) = − dz Π 00 (z, z , q, ω) V sc (z , q, ω).
(F4) Therefore, we have V sc (z, q, ω) = V ext (z, q, ω) − dz dz v(z, z , q) Π 00 (z , z , q, ω) V sc (z , q, ω).
(F5)
In the absence of an external potential, we have V sc (z, q, ω) = − dz dz v(z, z , q) Π 00 (z , z , q, ω) which is the condition for plasma oscillations. Plasmons are non-trivial solutions of this equation.
In the non-retarded regime of q ω/c, we use Poisson's equation to solve for the screened potential. In the absence of bulk carriers, we have ∇ 2 V sc = (q 2 − ∂ 2 z )V sc = 0, assuming the FAs to contribute negligibly to the carrier density, i.e., for |q y | b y /2λ [80] . Therefore, the screened potential can be written as V sc (z, q, ω) = v sc (q, ω)e −q|z| .
(F7)
Evidently, the electric field associated with the surface plasmon is localized at the surface with a decay length of 1/q. After some algebraic manipulations, the condition for the plasmon dispersion can be written as 
assuming q x , q y > 0. After some tedious but straightforward calculations, the dispersion of FA plasmons is given by
In the long-wavelength limit, q b y /λ z , |q y | b y /2λ, we obtain
which is the same as obtained from the long-wavelength expansion of the linear density response. The FA-plasmon dispersion calculated from Eq. (F11) is shown in Fig. 4 . The evident similarity to Fig. 3 in terms of the plasmon dispersion as well as the constantfrequency contours confirms that the FA plasmons are well described by the long-wavelength expansion of the FA dielectric function described in Sec. V B 1.
